Background: The prognosis of solid malignancies has been shown to depend on immunological parameters, such as macrophage polarisation (M1/M2). Recently, it was reported that preoperative oral surgery leads to a worsening of oral squamous cell carcinomas (OSCC) prognosis. Diagnostic incision biopsies are oral surgery procedures that might lead to healing-associated M2 macrophage polarisation with a potential negative influence on tumour biology. No studies have compared macrophage polarisation in OSCC biopsies and tumour specimens.
Although there have been advances in multimodal treatment options for oral squamous cell carcinoma (OSCC) in the past 20 years (Pignon et al, 2009) , the overall prognosis of this specific cancer type has not improved as substantially as for other malignancies (Kaatsch et al, 2013) . This observation serves as a call to action to critically analyse the current diagnostic and therapeutic regime by considering all relevant biological tumour characteristics.
Prognostic assessment and therapeutic decision-making depend on TNM staging and histological grading. The preoperative staging process includes radiological imaging and diagnostic incision biopsies. Small OSCC (T1 and T2) are commonly treated by surgical tumour resection (Wolff et al, 2012) .
For these reasons, OSCC patients are commonly subjected to two invasive surgical procedures (the diagnostic incision biopsy and the later tumour resection) with a time interval of some days or weeks between the two procedures (Wolff et al, 2012) .
Oral surgery, such as diagnostic incision biopsies, represents local tissue trauma leading to wound-healing responses. A recent study showed that OSCC patients undergoing preoperative oral surgery exhibited a significant increase in lymph node metastases (pN þ ) and distant metastases (cM1) and a significantly decreased 5-year survival rate (Takahashi et al, 2013 ) when compared with patients who did not undergo preoperative oral surgery. This report and other studies (Ohtake et al, 1990; Suzuki et al, 1998) suggested a correlation between local tissue trauma and increased malignancy in oral cancer.
These suggestions are not new; a possible negative effect of tumour biopsies has been discussed in the literature for years. A report from 1978 postulated that tumour surgery had biological consequences and even that the surgical procedures themselves could provoke the exacerbation of metastases (Krokowski, 1979) . Another old study stated that cytoreductive surgery in testicular cancer was followed by a dramatic exacerbation of the disease in some cases (Lange et al, 1980) . Several further reports in the older literature showed a negative influence of surgical intervention on tumour progression (Keller, 1983; Bogden et al, 1997) , but no biological explanations for the observed effects were given.
Recent findings from an animal study supported these suggestions. Biopsies were shown to significantly increase the frequency of lung metastases by 3-5-fold (Hobson et al, 2013) . In addition, a significant increase in primary tumour growth was observed in mice that underwent biopsies (Hobson et al, 2013) . Immunohistochemically, an increased number of inflammatory cells was detected at the primary tumour site and in lung metastases (Hobson et al, 2013) . This finding indicates the presence of a possible inflammatory reaction after tumour biopsies.
Surgical interventions lead to a wound-healing response accompanied by a number of immunological reactions that have recently been elucidated. The recruitment of inflammatory cells and repolarisation of invading and resident tissue macrophages towards the M2 type is the dominant immunological reaction (Mantovani et al, 2007; Mosser and Edwards, 2008; Mantovani et al, 2013) . M1-type macrophages are responsible for the elimination of pathogens, tissue destruction and tumour resistance (Mantovani et al, 2007; Sica and Mantovani, 2012; Mantovani et al, 2013) . In contrast, M2-type macrophages have immunoregulatory features and are associated with wound-healing, tissue remodelling, angiogenesis and tumour progression (Mantovani et al, 2007; Cao et al, 2011; Hirata et al, 2011; Kurahara et al, 2011; Murray and Wynn, 2011; Hao et al, 2012; Lan et al, 2012; Sica and Mantovani, 2012; Mantovani et al, 2013; Weber et al, 2014) . Results from our group showed that increased M2 macrophage polarisation in the epithelial compartment of OSCC patients is correlated with the occurrence of locoregional lymph node metastases . Furthermore, an increased malignant behaviour of the tumours was associated with a shift towards M2 polarisation in the regional lymph nodes .
The preoperative diagnostic tumour biopsy-a procedure that is highly relevant for treatment planning-also represents local tissue trauma that can lead to immunological alterations. Therefore, a possible negative influence of biopsies on tumour immunobiology might be associated with a biopsy-induced shift in macrophage polarisation towards the M2 type.
To date, no studies have analysed the possible influence of tumour biopsies on macrophage polarisation in human cancers. Therefore, the aim of this study was to clarify whether macrophage polarisation in diagnostic biopsies of small (pT1 and pT2) primary OSCC differed from that found in definitive tumour resections. To this end, immunohistochemical analyses of the specimens were performed using a computer-assisted quantitative cell counting method.
MATERIALS AND METHODS
Patients and tissue harvesting. Biopsy and tumour specimens from 34 patients histologically diagnosed with primary OSCC were analysed in this retrospective study. Tumour resection specimens from 34 patients and biopsy specimens from 25 patients were included in this study. The biopsy specimens from nine cases were excluded because they were obtained at other institutions and were not available for analysis or contained only small carcinoma fractions not suitable for analysis. Because we counted macrophage infiltration in at least 1.1 mm 2 of carcinoma tissue, specimens with carcinoma fractions smaller than 1 mm 2 were considered to be not suitable for analysis and were excluded. All included patients were treated in 2011 at the Department of Oral and Maxillofacial Surgery of the University Hospital Erlangen. The study protocol was approved by the ethical committee of the University of . The specimens used in this study were obtained from tissue samples collected for routine histopathological diagnosis. Each included specimen was judged by a pathologist to be a representative squamous cell carcinoma. In addition to the main diagnosis of OSCC, the following inclusion criteria were defined: pT1 and pT2 tumours, no restrictions in the grading of the tumour, no adjuvant preoperative radio-or chemotherapy and no organ metastasis at the time of diagnosis.
Only OSCC specimens from patients with pT1 and pT2 were considered because the tumours of these patients were characterised by a better resectability and prognosis compared with the larger pT3 and pT4 tumours (O'Brien et al, 2003) . Furthermore, T4 tumours might have a special immunological microenvironment because of their direct contact with bone marrow stem cells (Buenrostro et al, 2014) .
Patients with former radio-or chemotherapy and pT3 and pT4 tumours were excluded. No study-related changes in the patients' treatments took place.
The patient cohort (n ¼ 34) consisted of 11 patients with a tumour of the tongue, 11 patients with a tumour of the floor of the mouth, 8 with a tumour of the alveolar crest, 3 with a tumour of the palate and 1 with a tumour of the cheek.
The average age of the patients (23 males and 11 females) was 63 years. The pathohistological classified N-status was N0 in 19 cases and N þ in 15 cases. The histological grading was G1 in 2 cases, G2 in 26 cases and G3 in 6 cases. None of the patients in our cohort had distant metastases.
Immunohistochemical staining. The formalin-fixed, paraffinembedded tissue samples were sliced in consecutive, 2-mm thick sections with a rotation microtome (Leica, Nussloch, Germany), then dewaxed in xylole and rehydrated in graded propanol before immunohistochemical staining. The immunohistochemical staining was performed with the LSAB (labelled streptavidin-biotin) method and an automated staining device (Autostainer Plus, Dako Cytomation, Hamburg, Germany). The staining kit (Dako Real, Cat. K5001, Dako Cytomation) was used according to the manufactureŕs instructions. Proteins were detected by incubating tissues in the autostainer (21 1C, 30 min) with specific antibodies.
The following primary antibodies were used: anti-CD11c (ab52632, clone EP1347y, Abcam, Cambridge, UK), anti-CD68 (11081401, clone KP1, Dako), anti-CD163 (MAB1652, clone K20-T, Abnova, Taipei City, Taiwan) and anti-MRC1 (H00004360-1102, clone 5C11, Abnova).
Biotinylated immunoglobulins were used as the secondary antibody for all samples. DAB þ solution (Dako Cytomation) was used as the chromogen. Hematoxylin (Dako Cytomation) was applied for counterstaining of the nuclei. Two consecutive tissue samples were processed per immunohistochemical stain, with one serving as a negative control in each case (identical treatment except for replacement of the primary antibody with an IgGisotype of the primary antibody). An appropriate positive control was included in each series.
Quantitative immunohistochemical analysis. The tumour and biopsy sections were completely scanned and digitised using the method of 'whole-slide imaging'. The scanning procedure was performed in cooperation with the Institute of Pathology of the University of Erlangen using a Zeiss MIRAX MIDI Scanner (Zeiss, Jena, Germany). All samples were analysed on a computer (Panoramic MIRAX viewer, Zeiss). Quality controls were performed under a bright-field microscope (Zeiss Axioskop and Axiocam 5, at Â 100-400 magnification). H&E-stained sections of all samples were examined to ensure that all samples contained representative squamous cell carcinoma tissue.
For each sample, three visual fields showing the highest infiltration rate of positive cells were selected ( Figure 1 ) using multi-monitor virtual microscopy (Panoramic MIRAX viewer, Zeiss). The complete area of all three visual fields of one specimen was between 1.1 and 1.5 mm 2 . The images showing the visual fields were imported into Biomas (modular systems of applied biology, MSAB, Erlangen, Germany) for cell counting. Two regions of interest were defined in the visual fields using the Biomas software (Erlangen, Germany): the epithelial tumour fraction and the tumour stroma.
A quantitative analysis was performed to determine the numbers of infiltrating CD11c-, CD68-, CD163-and MRC1-positive cells in the epithelial tumour fraction and the surrounding stroma. All positive cells in the aforementioned compartments were manually counted. Cell density per mm 2 was automatically calculated by the Biomas software. Only cells with a monocytoid/ macrophage-like morphology were counted. Cell counting was performed in a blinded manner by six research fellows familiar with tissue morphology analysis and immunohistochemical methods. In case of a discrepancy, the analyses were discussed with the authors.
Statistical analysis. To analyse the immunohistochemical staining and spatial expression patterns, the cell count per mm 2 was determined as the number of positive cells per mm 2 of the specimen. Multiple measurements were pooled for each sample group before analysis. The results are expressed as the median, the interquartile range, s.d. and range. Box plot diagrams represent the median, the interquartile range, minimum (Min) and maximum (Max). Two-sided, adjusted P-valuesp0.05 were considered to be significant. The analyses were performed using an ANOVA test with SPSS 21 for Mac OS (IBM Inc, New York, NY, USA).
RESULTS
General morphological considerations. All of the specimens were analysed using a virtual microscope system. In the tumour resection specimens, all analysed markers showed significantly (Po0.05) higher expression in the stroma compared with the epithelial tumour fraction. In the biopsy samples, all stained markers with the exception of CD11c displayed a significantly (Po0.05) higher number of positive cells in the stroma compared with the epithelial tumour compartment.
The stroma of the invasive margin exhibited the highest macrophage infiltration in 12 of the cases (Figure 1) . However, the hot spots of macrophage infiltration were randomly distributed in the majority of cases. For each marker, three regions of the highest macrophage infiltration density were selected for cell counting. In eight cases, the preoperative biopsy site was contained by the investigated sections of tumour resection specimens. These areas were excluded from our analyses.
Numerous CD68-positive cells were observed in all analysed cases. A cytoplasmatic expression pattern was found. The stained cells were predominantly round, but some were spindle shaped (Figure 2) . In most cases, pale staining of epithelial cells was detectable in addition to distinct staining of the macrophages. This epithelial reactivity included the tumour cells as well as the normal epithelium.
The CD11c-expressing cells were stained both in the cytoplasm and at membrane-bound locations and showed a round shape (Figure 2 ). Expression of the M2 macrophage marker CD163 was observed in the cytoplasm and bound to the membrane. Most of the stained cells were spindle shaped (Figure 2 ).
Macrophage marker expression in biopsy and tumour specimens. The mean time between preoperative diagnostic incision biopsy and tumour resection was 15 days (s.d. 9.6) ( Table 1) , with a range from 2 to 34 days. The time interval between biopsy and tumour resection did not correlate with the difference in macrophage marker expression between biopsies and tumour resections (Table 1) .
In the epithelial compartment of tumour specimens, the CD163 cell count (M2 macrophages) was significantly higher (median value of 104 cells per mm 2 ) than in the biopsy specimens (median value of 56 cells per mm 2 ) (P ¼ 0.034) (Table 2, Figure 3B ). In analogy to the epithelial compartment, CD163 expression in the stroma of the tumour samples (median value of 442 cells per mm 2 ) was significantly higher than in the biopsy specimens (median value of 249 cells per mm 2 ) (P ¼ 0.003) (Table 2, Figure 3C ). The same relationship was apparent when CD163 expression in the whole analysed specimen area (epithelial þ stroma) was taken into consideration. The CD163 expression was significantly higher in the tumour samples (P ¼ 0.00002), with a median value of 168 cells per mm 2 in biopsy specimens compared with 316 cells per mm 2 in tumour samples (Table 2, Figure 3D ). The increase in CD163-positive cell infiltration was independent of the time between biopsy and tumour resection (Table 1) . A total of 92% of the patients (22 out of 24) showed an increase in CD163-positive cell infiltration in the tumour resection specimens compared with the biopsies. The mean increase in CD163-positive cell infiltration was 108% (Table 1) . In addition to CD163, CD11c expression in the stroma compartment was significantly higher (median value of 256 cells per mm 2 ) in the tumour resection specimens than in the biopsies (median value of 164 cells per mm 2 ) (P ¼ 0.036) ( Table 2 ). There was no significant difference in the expression of other macrophage markers (i.e., CD68 and MRC1) between the tumour and biopsy samples. In summary, the tumour specimens showed significantly increased infiltration of CD163-positive M2 macrophages. This correlation was apparent in all tumour compartments.
Macrophage polarisation in biopsy and tumour specimens. The ratio between CD163-positive cells (predominantly M2 macrophages) and CD68-positive cells (all macrophages) can be considered as the degree of M2 polarisation. In the epithelial compartment, the CD163/CD68 ratio was significantly higher in tumour samples (median value 0.40) than in biopsies (median value 0.29) (P ¼ 0.019) (Table 3, Figure 4A ). Table 1 shows the time interval between diagnostic biopsy and tumour resection (in days) and the increase in CD68, CD11c, CD163 and MRC1 infiltration (in %, epithelial þ stroma) in tumour resection specimens compared with biopsies. The analysis is not available for patient 4 because of insufficient carcinoma tissue in the tumour resection specimen. Mean values and P-values (Pearson correlation: time interval biopsy-tumour resection and increase of macrophage marker infiltration) are shown. ) in biopsy and tumour specimens. For each marker, the expression in the epithelial tumour fraction, the tumour stroma and the whole analysed area (epithelial þ stroma) is presented. Values represent the median, s.d. and P-value (ANOVA).
A similar proportion was revealed when the whole analysed area (epithelial þ stroma) was taken into consideration. There was a significantly higher ratio in tumour samples (median value 0.64) than in biopsy specimens (median value 0.48) (P ¼ 0.003) (Table 3, Figure 4B ).
The ratios of other parameters (such as the CD11c/CD68 ratio) did not differ between biopsy and tumour specimens. In summary, tumour specimens showed a significant increase in M2 polarisation.
DISCUSSION
Value of macrophage polarisation markers. Although the biological relevance of macrophage polarisation in tumour progression is undoubted, an accurate characterisation of the available markers is lacking. The detection of M1 and M2 polarised macrophages using the currently available markers remains problematic (Barros et al, 2013; Wehrhan et al, 2014) . For this reason, we used macrophage markers frequently described in the literature and successfully used in our previous projects Wehrhan et al, 2014) . CD68 is the best established generic macrophage marker (Kawamura et al, 2009; Lu et al, 2010; Kurahara et al, 2011; Cho et al, 2012) . Immune regulatory and tumourpromoting M2 macrophages are commonly identified by staining the CD163 antigen (Aron-Wisnewsky et al, 2009; Kawamura et al, 2009; Cao et al, 2011; Hasan et al, 2012) . Some studies also use MRC1 to detect M2 cells (Aron-Wisnewsky et al, 2009; Hirata et al, 2011; van Putten et al, 2013) . In contrast, M1 discriminating markers are not as well defined. CD11c staining is most commonly used to visualise human M1 macrophages (Fischer-Posovszky et al, 2011; Hirata et al, 2011; Cho et al, 2012; Pejnovic et al, 2013) . In addition, the relative proportion of the M1 and M2 markers should also be considered. In analogy to other recent studies dealing with macrophage polarisation in human cancer tissues (Lan et al, 2012; Herwig et al, 2013; Ino et al, 2013; Weber et al, 2014) , we aimed to analyse the ratios between the stained markers.
Tumour resection specimens show increased M2 polarisation of infiltrating macrophages compared with preoperative biopsies. In the present study, an increase in M2 polarisation was noted in tumour resection specimens from OSCC compared with samples obtained from preoperative incision biopsies.
CD163 is the most commonly used and best established marker for M2 polarised macrophages (Kawamura et al, 2009; Cao et al, 2011; Hasan et al, 2012) . Our data showed a significantly increased infiltration of CD163-positive cells in tumour specimens in all analysed tissue compartments (i.e., epithelial fraction, stroma and whole analysed area) ( Table 2 ). The CD163/CD68 ratio was used as an indicator of M2 polarisation and was significantly higher in the epithelial fraction and the whole analysed area of the tumour specimens compared with the biopsies (Table 3) . These data indicate a change in the macrophage composition between biopsies and tumour resections towards M2 polarisation. M2 polarisation of macrophages in OSCC was previously shown to be associated with metastatic growth and an unfavourable prognosis (Balermpas et al, 2014) .
Expression of CD68, MRC1 and CD11c. The expression of the generic macrophage marker CD68 did not significantly differ between the biopsy and the tumour resection groups. However, a trend towards increased macrophage infiltration in the tumour resection specimens was observed in the stroma compartment ( Table 2) .
The expression of MRC1 did not differ significantly between tumours and biopsies.
In contrast, significantly higher CD11c expression was detected in the stroma fraction of tumour specimens ( Table 2 ). The absence Table 3 shows the ratio of macrophage marker expression in biopsy and tumour specimens. Values represent the median, s.d. and P-value (ANOVA). of an established marker for M1 polarised macrophages is an unsolved problem in macrophage research. Several studies have suggested CD11c as an M1 macrophage marker (FischerPosovszky et al, 2011; Hirata et al, 2011; Cho et al, 2012) . However, some authors have also used CD11c as a marker for dendritic cells (Anzai et al, 2012) . Thus, one fraction of the CD11c-positive cells might represent dendritic cell subsets. One group analysed the gene expression profile of CD11c low and CD11c high macrophages in decidual tissue (Houser et al, 2011) and detected differential gene expression profiles in both subtypes. Interestingly, both cell types expressed pro-and anti-inflammatory cytokines. Therefore, the authors concluded that CD11c-expressing macrophages did not fit into the classical M1-M2 allocation (Houser et al, 2011) . Based on the available data, we can conclude that CD11c cannot be considered a specific marker for M1 polarised macrophages. These data also indicated that macrophage polarisation was more complex than a linear spectrum with M1 and M2 representing the extremes. The lack of a reliable M1 marker is a common problem in macrophage research that still needs to be resolved.
M2 polarisation and the risk of lymph node metastases. Our previous work showed an association between M2 polarised macrophages in the epithelial fraction of OSCC tissue and the occurrence of lymph node metastases . The tumour-promoting capabilities of M2 macrophages have been demonstrated in vitro and in vivo (Biswas and Mantovani, 2010; Sica and Mantovani, 2012; De Palma and Lewis, 2013; Balermpas et al, 2014) . Recent animal studies revealed a correlation between tumour biopsies and an increased local progression and occurrence of metastases (Hobson et al, 2013) . The authors considered immunological factors to be responsible for this phenomenon and detected an increased infiltration of CD45-positive leukocytes at the biopsy site. However, macrophage polarisation was not examined (Hobson et al, 2013) . The recent finding that preoperative oral surgery procedures were associated with a worse prognosis and increased risk of developing lymph node metastases in OSCC patients showed that preoperative local tissue trauma influenced tumour biology (Takahashi et al, 2013) . Because the preoperative incision biopsy represents a tissue trauma, a tumour biological effect is to be expected.
Because the local tumour microenvironment was shown to influence the polarisation of TAM, the wound-healing reaction consecutive to tissue trauma might serve as a microenvironmental stimulus that affects macrophage polarisation (Kumar and Gabrilovich, 2014) .
The presented findings indicate a biopsy-associated shift in macrophage polarisation towards M2. The increased M2 polarisation seems to be independent of the time interval between the biopsy and tumour resection.
Possible mechanisms underlying the biopsy-associated M2 polarisation of macrophages. Biopsy-induced tissue trauma-as with any other surgical procedure-triggers an acute inflammatory reaction and initiates wound-healing processes (Hobson et al, 2013) . Initially, tissue damage leads to an acute inflammatory response dominated by M1 macrophages. Later, a shift in macrophage polarisation towards M2 can be observed (Mantovani et al, 2013) . M2 macrophages contribute to tumour progression by secreting pro-angiogenic factors such as vascular endothelial growth factor and extracellular matrix remodelling proteins such as matrix metalloproteases (Mantovani et al, 2013) . In addition, they induce T-cell tolerance by reducing MHCII expression and the secretion of the immunosuppressive cytokines IL-4, IL-10 and TGF-b (Mantovani et al, 2013) .
In the case of a two-step surgical procedure with a long time interval between the biopsy and a definitive tumour resection, a shift towards healing associated with M2 polarisation might negatively influence tumour biology.
Limitations of the study. The patient collective (34 tumour resection specimens and 25 biopsy specimens) of this retrospective study was relatively small. No correlation between the duration of the time interval between the biopsy and tumour resection and the increase of M2 polarised macrophages was seen in this study. A larger patient collective could eventually reveal such correlations.
Potential strategies to prevent M2 polarisation in solid tumours. One therapeutic approach targeting possible biopsyinduced M2 polarisation could be the preoperative application of bisphosphonates. The rationale behind this concept is the recently discovered capability of bisphosphonates to repolarise macrophages from a tumour-promoting M2 phenotype to an antitumoural M1 phenotype (Rogers and Holen, 2011) .
In contrast to high-dose radiotherapy, low-dose irradiation can shift macrophage polarisation towards the anti-tumoural M1 type (Mantovani et al, 2014) . Indeed, 2 Gy of irradiation was able to increase M1 polarisation followed by T-cell recruitment in a tumour xenotransplant mouse model (Klug et al, 2013) . Furthermore, irradiation might be capable of inducing an immunostimulatory form of tumour cell death, leading to maturation and activation of antigen presenting cells such as macrophages and dendritic cells (Kulzer et al, 2014; Rubner et al, 2014) .
The recently described ability of non-steroidal anti-inflammatory drugs to prevent M2 polarisation (Na et al, 2013) has potential therapeutic relevance. Treatment with the non-steroidal antiinflammatory drugs ibuprofen before and after biopsy significantly reduced the number of biopsy-associated lung metastases in mice (Hobson et al, 2013) .
CONCLUSION
We propose that preoperative tumour biopsies lead to increased M2 polarisation of macrophages. This polarisation may be associated with accelerated tumour progression in OSCC.
Prospective studies investigating macrophage markers and the prognosis of patients are needed to prove this hypothesis. These studies should aim to determine whether there is a cut-off time point between biopsy and tumour resection at which macrophage polarisation shifts towards the tumour-promoting M2 type.
